Recovery after stroke, a major cause of adult disability, is often unpredictable and incomplete. Behavioral recovery is associated with functional reorganization (remapping) in perilesional regions, suggesting that promoting this process might be an effective strategy to enhance recovery. However, the molecular mechanisms underlying remapping after brain injury and the consequences of its modulation are poorly understood. Focal sensory loss or deprivation has been shown to induce remapping in the corresponding brain areas through activity-regulated cytoskeleton-associated protein (Arc)-mediated synaptic plasticity. We show that targeted sensory deprivation via whisker trimming in mice after induction of ischemic stroke in the somatosensory cortex representing forepaw accelerates remapping into the whisker barrel cortex and improves sensorimotor recovery. These improvements persisted even after focal sensory deprivation ended (whiskers allowed to regrow). Mice deficient in Arc, a gene critical for activity-dependent synaptic plasticity, failed to remap or recover sensorimotor function. These results indicate that post-stroke remapping occurs through Arc-mediated synaptic plasticity and is required for behavioral recovery. Furthermore, our findings suggest that enhancing perilesional cortical plasticity via focal sensory deprivation improves recovery after ischemic stroke in mice.
INTRODUCTION
Stroke is a major cause of disability worldwide (1) , resulting in deficits that can be profoundly debilitating (2) (3) (4) . Although some functional improvements may occur in the weeks to months after the initial ischemic event, recovery is unpredictable and often incomplete (2) (3) (4) . Several spontaneous brain plasticity mechanisms driving repair and recovery have been uncovered, and enhancing these pathways has been shown to improve behavioral outcomes in animal models of focal brain ischemia (5) (6) (7) (8) .
In the case of focal ischemia involving the cortex, there is an acute loss of function associated with the infarcted region. Functional recovery occurs in parallel with the appearance of a new functional representation in the perilesional cortex weeks to months after infarction (9) (10) (11) (12) (13) (14) . This process, termed remapping, has been observed in both animal models and human patients recovering from stroke (15) (16) (17) . Remapping has been demonstrated not only after lesions limited to sensory or motor cortex but also after infarction of subcortical structures (18) . However, it is unclear whether remapping is a necessary step for behavioral recovery. Moreover, the cellular and molecular mechanisms responsible for remapping are only beginning to be elucidated. Early studies examining recovery after motor cortex lesions in nonhuman primates demonstrated that physical activity of the affected limb was required for remapping to occur (9) . Subsequent work in mice with genetically engineered calcium indicators revealed that remapping after sensory cortex infarction involved changes in somatic sensory receptivity at the level of individual neurons (11) . Thus, sensory remapping may involve the competition of somatosensory input from affected and adjacent somatic regions (with intact sensation) for receptivity of common neurons in the somatosensory cortex.
Amputation of limbs or digits in primates, or trimming of whiskers or visual deprivation in rodents, results in expanded representation of the intact senses into the deprived cortical regions (19) (20) (21) (22) . In the absence of injury, competition for cortical sensory representation can also occur in the setting of sensory deprivation-a maneuver well known to induce cortical plasticity (21, 22) . Although the effects of deprivation on cortical representation may be most marked during development, sensory deprivation also induces plasticity in the adult brain (21, (23) (24) (25) (26) .
Activity-regulated cytoskeleton-associated protein (Arc) has been demonstrated to play a critical role in experience-dependent synaptic plasticity through coordinated -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) endocytosis (27, 28) . Arc gene deletion in mice attenuates long-term depression and longterm potentiation consolidation in situ and memory consolidation in vivo (29) . Furthermore, Arc is required for ocular dominance plasticity in the visual cortex during critical period monocular deprivation (30) . On the basis of these findings, we hypothesized that focal sensory deprivation after cortical infarction might enhance plasticity, facilitate remapping, and improve behavioral recovery through Arcdependent mechanisms.
We tested our hypothesis in a mouse model of focal cortical ischemia in the forepaw somatosensory cortex. Targeted sensory deprivation via whisker trimming accelerated remapping into the whisker barrel cortex (adjacent to the infarcted forepaw somatosensory cortex) and improved sensorimotor recovery in mice through Arc-dependent synaptic plasticity.
corresponding to the right forepaw somatosensory representation) and followed for 8 weeks after ischemia. To determine whether postinfarct remapping can be altered by targeted perilesional sensory deprivation, we trimmed all contralesional (right) mystacial whiskers starting 48 hours after ischemia to sensory-deprive the barrel cortex adjacent to infarcted S1FP (on the left hemisphere). Whiskers were kept under 1 mm for the entire recovery time (for 8 weeks). This study consisted of four experimental groups (Fig. 1A) : (i) wild-type mice (WT-Control), (ii) WT mice subjected to sensory deprivation (WTDepriv), (iii) Arc −/− mice (Arc-Control), and (iv) Arc −/− mice subjected to sensory deprivation (Arc-Depriv). Forepaw mapping and behavioral testing were performed before and at multiple time points after ischemia (Fig. 1B) . S1FP photothrombotic infarct volume and perilesional astrogliosis, measured as glial fibrillary acidic protein (GFAP) expression, were not different between WT-Control and Arc-Control mice (figs. S1 and S2). Throughout the study period, all mice were housed in enriched environments to expand the dynamic range for behavioral recovery.
Optical intrinsic signal (OIS) imaging under anesthesia showed that cutaneous electrical stimulation of the right forepaw resulted in consistent activation of S1FP cortex on the left hemisphere in all groups before photothrombosis ( Fig. 1C and figs. S3 to S7A). Photothrombosis targeted to left S1FP resulted in markedly reduced evoked right forepaw responses in the first week after injury in all groups ( Fig. 1D and figs. S3 to S5). Photothrombosis did not affect the evoked responses of the left forepaw (figs. S7B and S8A) or the right hindpaw in any of the groups ( fig. S8B ). Evoked right forepaw responses reappeared 8 weeks after infarction in the regions anterior to the infarct (near motor cortex) in WT-Control mice, suggesting that remapping occurred and involved motor-cortical areas (Fig. 1, C and D) . In whiskerdeprived mice (WT-Depriv), reappearance of right S1FP maps occurred earlier (4-week time point), and remapping was observed in regions posterior to the infarct, within the whisker barrel cortex (Fig. 1, C and D, and figs. S3 to S5). At 8 weeks after ischemia, the right forepaw evoked response was still present in the whisker cortex; the left forepaw evoked response remained in the same location throughout this time course (figs. S7B, S9, and S10). Thus, focal sensory deprivation influenced both the timing and location of remapping.
Although substantial evidence suggests that cortical plasticity is dependent on the dynamic changes in synaptic structure and function, it is unclear whether similar mechanisms are required for remapping after cortical injury. To determine whether activity-dependent synaptic plasticity was required for post-infarct remapping and recovery, we subjected Arc −/− mice (Arc-Control) and whisker-deprived Arc −/− mice (Arc-Depriv) to photothrombosis and followed S1FP remapping. In our experiments, baseline preischemic sensory-evoked responses in ArcControl mice were similar in location and amplitude to those in WTControl mice (Fig. 1, C and D, and figs. S3 to S5 and S7). Eight weeks after photothrombosis, right forepaw evoked responses were still reduced in both Arc-Control and Arc-Depriv mice (Fig. 1, C and D, and figs. S3 to S5). Collectively, these data show that Arc is required for infarct-induced cortical remapping and suggest that cortical remodeling after focal ischemia shares essential components with mechanisms involved in activity-dependent synaptic plasticity.
Whisker deprivation improves behavioral recovery after focal ischemia
To determine whether whisker deprivation altered sensorimotor behavioral recovery, we used the cylinder rearing test-an observational sensorimotor test that assesses lateralized forelimb use during spontaneous exploratory behavior inside a glass cylinder ( Fig. 2A) . Healthy animals explore the walls of the cylinder while rearing using both forepaws equally. However, immediately after sensory or motor cortex WT, wild-type mice; Arc, Arc knockout mice; Control, whiskers intact; Depriv, whiskers trimmed. In the OIS field of view (dashed circle), the area subjected to photothrombosis (S1FP, blue) and whisker barrel cortex (S1WB, yellow) is shown. (B) Timeline illustrates behavioral testing, OIS imaging, and whisker trimming. (C) Activation density heat maps projected onto a white light cortical image shows the area activated by right forepaw stimulation at baseline (Pre) and 1 (WK1), 4 (WK4), and 8 (WK8) weeks after photothrombosis. The whisker barrel cortex, delineated using whisker stimulation-evoked mapping with OIS imaging, is outlined in black. (D) Mean activation intensity (calculated for individual mice) after right forepaw stimulation for each group over the recovery time course. Intensity response is determined for each mouse before being group-averaged. *, + P ≤ 0.05, **, ‡ ‡ P ≤ 0.01, ### , ‡ ‡ ‡ P ≤ 0.001 compared to baseline using repeated-measures analysis of variance (ANOVA). WT-Control, n = 11; WT-Depriv, n = 10; Arc-Control, n = 8; Arc-Depriv, n = 7.
photothrombosis, mice preferentially use the unaffected limb; this asymmetric forelimb use is followed by recovery of symmetry within 8 weeks after infarction (7, 12, 31) . A major advantage of this test is that it does not involve any training-an essential requirement for the examination of Arc −/− mice, which have significant learning deficits (28) .
At baseline, all groups demonstrated symmetrical forelimb use (Fig. 2B) . S1FP photothrombosis resulted in use asymmetry due to relative decreases in right forelimb use that was consistent across all groups examined (Fig. 2B) . In WT-Control mice, limb use symmetry was significantly improved 7 weeks (WK7) after photothrombosis, but the WK7 limb use was still asymmetric compared to baseline, suggesting only partial recovery (Fig. 2B ). This time course is in agreement with previous studies using small photothrombotic lesions isolated to the primary sensory cortex (12) . In the WT-Depriv mice, recovery showed marked acceleration as symmetry was completely restored 5 weeks after ischemia and persisted to week 7 (Fig. 2B) . Thus, focal sensory deprivation via whisker trimming improved both the rate and extent of behavioral recovery. Arc −/− mice (both Arc-Control and ArcDepriv) showed persistent asymmetry throughout the 7-week timeline, indicating the absence of behavioral recovery (Fig. 2B) . Whisker deprivation alone (in the absence of cortical photothrombosis) for 3 weeks did not result in any limb asymmetry ( fig. S11 ).
Dendritic spine density is enhanced in remapped cortex
Turnover of dendritic spines is likely an important mechanism involved in brain repair after focal ischemia. Within hours of an ischemic insult, a marked decrease in perilesional dendritic spine density is observed (32) (33) (34) (35) , and in the following weeks, spine turnover increases with spine generation outpacing spine removal. This results in spine accumulation and gradual recovery of perilesional spine density (35) .
We quantified dendritic spine density 4 weeks after ischemia in layers II/III and IV at three cortical locations (Fig. 3A) : (i) distant site (1.5 mm medial to the lesion, in motor cortex, Fig. 3B ), (ii) anterior perilesional (near motor cortex, Fig. 3C ), and (iii) posterior perilesional (whisker barrel cortex, Fig. 3D ). Overall, we found decreased dendritic spine density at the perilesional locations compared to the distant site ( fig. S12 )-a finding consistent with previous studies (35) . However, in the WT-Control mice (no whisker deprivation), spine density in the anterior perilesional location (where remapping occurred) was significantly higher than in all other groups (Fig. 3C ). In contrast, WTDepriv mice had increased spine density at the posterior perilesional location (within whisker barrel cortex) compared to all other groups (Fig. 3D) . In both WT-Control and WT-Depriv mice, the location of increased spine density corresponded to the region of remapping. The Arc −/− mice (Arc-Control and Arc-Depriv) did not show any increase in spine density at any location examined, regardless of whisker trimming status (Fig. 3 , B to D). Collectively, our data demonstrate that cortical regions of remapping are associated with increased dendritic spine density.
Deprivation-induced remapping and behavioral improvement are stable after whisker regrowth
To determine the stability of deprivation-induced remapping and behavioral recovery, we examined remapping and behavioral performance after allowing whisker regrowth. After photothrombosisinduced ischemia, we performed whisker trimming for 8 weeks and then allowed whiskers to regrow for 4 weeks (Fig. 4, A and B) , a time previously shown to reverse deprivation-induced cortical-evoked response changes in the uninjured brain (36) . Whiskers regrow at a rate of >1 mm per day and were fully grown after 1 week. Forepaw-evoked maps were acquired at 8 (Fig. 4 , C and D) and 12 weeks (Fig. 4 , E and F) after photothrombosis, and whisker-evoked maps were acquired at 12 weeks (Fig. 4 , G and H).
At the 8-week time point, forepaw-evoked responses in WT-Control and WT-Depriv mice were in significantly different locations ( Fig. 4I  and fig. S13 ), as seen in the previous experiment (Fig. 1C) , which persisted to week 12 ( Fig. 4J and fig. S13 ). Thus, after 4 weeks of whisker regrowth, the location of the forepaw-evoked responses for each group remained in the same location (significant overlap) compared to their S13 ). These data suggest that whisker regrowth and concomitant whisker sensory input did not adversely affect the remapped area, which remained stable during this period of regrowth.
To determine the spatial relationship between the remapped region and the whisker sensory area, we superimposed forepawand whisker-evoked maps 12 weeks after photothrombosis (Fig. 4, M and N, and fig.  S13 ). Both WT-Control and WT-Depriv groups showed robust responses to whisker stimulation in the S1WB; however, in the WT-Depriv animals, the responsive area was significantly smaller than that of the WT-Control mice ( Fig. 4O and fig. S14 ). The remapped forepaw-evoked response had little overlap with the whisker-evoked responses, and the spatial distributions were statistically distinct ( Fig. 4N  and fig. S13 ). Notably, although the display comparisons shown in Fig. 4 (I to O) show the 65% incidence contour, it is important to note that all statistical comparisons were made independent of any % incidence threshold (see Materials and Methods and fig. S13 ). Together, these data suggest that whisker deprivation enhances remapping into the whisker somatosensory cortex and that this remapping occurs at the spatial expense of the whisker map. Moreover, we provided evidence Fig. 4 . Whisker deprivation-induced remapping is stable beyond the deprivation period. (A) WT mice were subjected to right S1FP (R. S1FP) photothrombosis. Half of the mice underwent right whisker trimming every other day for the first 8 weeks of the experiment; thereafter, trimming was halted and whiskers were allowed to regrow. (B) Limb behavior and OIS imaging were performed at the times indicated. (C to H) Activation density heat maps projected onto a white light cortical image show right S1FP maps, 8 (C and D) and 12 weeks (E and F) after photothrombosis, and right S1WB maps 12 weeks after photothrombosis (G and H) in WT-Control (C, E, and G) and WT-Depriv (D, F, and H) groups. RFP, right forepaw; WB, whisker barrel. (I to O) Activation heat maps projected onto a white light cortical image showing >65% density response for each map. Map identity is indicated by the label in each image, and dark blue represents overlap between the maps. The >65% threshold was used only for display; statistical comparisons were independent of any threshold. Spatial distribution difference: *P < 0.0071 (Bonferronicorrected); n.s., not significant (see fig. S13 and Materials and Methods for more details). WTControl, n = 11; WT-Depriv, n = 11. (P) Line graph showing the differences in limb use asymmetry before (Pre) and 1 (WK1), 3 (WK3), 5 (WK5), 7 (WK7), and 11 (WK11) weeks after right S1FP photothrombosis in WT-Control and WT-Depriv mice. *P ≤ 0.05, **P ≤ 0.01, *** , +++ P ≤ 0.001; n.s., not significant compared to baseline time point (Pre), using repeated-measures ANOVA with NewmanKeuls multiple pairwise comparisons. WT-Control, n = 11; WT-Depriv, n = 8.
indicating that the remapping remains stable despite whisker regrowth (and sensory input recovery).
To determine whether whisker regrowth altered forepaw use, we performed serial cylinder rearing tests during and after whisker trimming (timeline shown in Fig. 4B ). During the period of whisker trimming, the whisker-deprived group showed accelerated and complete recovery by 5 weeks after photothrombosis (Fig. 4P) . After whisker regrowth, the improved performance persisted in the whisker-deprived mice (Fig. 4P) . These data suggest that adjacent focal sensory deprivation accelerates and improves the extent of behavioral recovery after ischemic injury and that this recovery is durable despite the resumption of sensory input.
DISCUSSION
It has long been speculated that brain plasticity with concomitant functional remapping is important for behavioral recovery after focal brain injury (9, 10, (15) (16) (17) . Here, we provide evidence that experimental manipulation of cortical plasticity can alter remapping and enhance behavioral recovery. We show that remapping can be directed to specific cortical regions using focal sensory deprivation targeted to perilesional regions. Focal sensory deprivation (via whisker deprivation) resulted in earlier remapping, improved behavioral recovery, and increased synaptic spine density within the remapped areas that persisted after the resumption of sensory input. Furthermore, we show that remapping and behavioral recovery require Arc, suggesting that mechanisms involved in experience-related synaptic plasticity play a critical role also in remapping induced by focal injury.
Our finding that sensory deprivation modifies post-ischemic remapping is consistent with the effects of sensory experience in the uninjured brain. More specifically, selective sensory deprivation in both young and mature animals leads to the contraction of deprived sensory cortical representations and concomitant expansion of neighboring, spared cortical representations (20-26, 37, 38) . A well-studied example of this phenomenon is ocular dominance plasticity with monocular deprivation, where ocular dominance columns from the normal eye expand into columns representing the deprived eye (22, 26, 37) . The same principle applies to the somatosensory system where removal of select whiskers results in expansion of neighboring, spared whisker barrel fields into the deprived barrels (21, 23, 24, 38, 39) , and transection of the infraorbital nerve in adult rats results in expansion of the forepaw digit somatosensory representations into the barrel cortex (20) . Our data demonstrate that focal sensory deprivation targeted to perilesional cortex can enhance remapping, suggesting that cortical plasticity is heightened by functional loss of the targeted cortical region. Moreover, our data suggest that remapping may occur at the spa tial expense of the cortical region targeted for sensory deprivation.
Remapping after photothrombosis has been shown to involve receptivity shifts in individual perilesional neuron responses (11) . More specifically, perilesional hindlimb neurons in the primary somatosensory cortex are initially unaffected by somatosensory forepaw cortex photothrombosis and respond only to hindlimb stimulation. However, weeks later, these same perilesional hindlimb cortical neurons are excitable by both forelimb and hindlimb stimulation. Eventually, these neurons become selectively responsive only to forepaw stimulation (11) . The dynamic process observed at the single-neuron level reflects what is seen in this remapping study. We speculate that the sensory input from each somatic region influences changes in cortical representation. Thus, whisker activity may compete with forepaw activity for cortical representation. Eliminating whisker activity (and thereby a competing stimulus) might allow neurons in the whisker barrel to respond to forepaw stimuli, thereby boosting remapping potential of the forepaw somatosensory cortex.
Although our results show remapping in cortical regions, the precise cellular rewiring that is required for remapping and recovery of function is unclear. It is possible that surviving cortical neurons representing the affected limb form new connections to adjacent cortex, thereby creating a new representation (remapping). Alternatively, it has been suggested that preexisting silent, or subthreshold, thalamocortical synapses may be strengthened to allow remapping to occur (5). Although thalamocortical plasticity has been postulated to be limited in mature mice (40, 41) , it is possible that ischemic injury initiates plasticity mechanisms to allow these thalamocortical neurons to extend axons to form new synapses in adjacent surviving cortex. In addition to potentiation of preexisting connections, formation of de novo connections appears to be important as well. In the weeks after cortical infarction, up-regulation of various genes results in robust axonal sprouting that increases cortical connectivity and plays a role in behavioral recovery (6, 8) .
Photothrombosis in WT mice without intervention resulted in remapping, suggesting that injury itself may also trigger plasticity and remapping. Studies in animal models show that brain ischemia induces gene and protein expression alterations that are critical for plasticity associated with recovery (6, 8, (42) (43) (44) . For example, inflammation induced by cerebral ischemia leads to production and elaboration of matrix metalloproteinases that play a critical role in neurovascular remodeling and behavioral recovery weeks after the initial injury (45) . Furthermore, ischemia induces perilesional expression of factors that induce axonal sprouting-a critical element of behavioral recovery (6, 8) . Our study suggests that endogenous repair mechanisms triggered by the injury can be enhanced to accelerate and improve recovery.
The behavioral recovery advantage of focal perilesional sensory deprivation shown here persisted after the reintroduction of sensory input. The finding that whisker-evoked responses remained robust after deprivation suggests that the whisker somatosensory system is functional. However, it is unclear whether this whisker map contraction reflects compromised whisker sensory function, because this was not formally tested. It should be noted that constraint-induced movement therapy, a standard neurorehabilitative intervention, uses a sim ilar approach (in principle) of movement restriction of the arm contralateral to the paretic arm without causing evident deficits; however, more careful examination is needed to determine the benefit and side effects of deprivation therapies (46) (47) (48) .
The results in the current study implicate Arc in post-ischemic remapping. Extensive work in experimental models has shown that Arc is involved in cortical plasticity after sensory deprivation in the un injured brain. For example, Arc has been demonstrated to be required for ocular dominance plasticity with monocular deprivation (30) . In addition, in vitro and in vivo studies have demonstrated that Arc affects synaptic plasticity and learning and memory by regulating postsynaptic glutamate receptors (27) (28) (29) 49) . Excitation at active synapse can induce Arc-mediated AMPAR removal and synaptic weakening at silent or inactive synapses selectively (49); we speculate that this pathway may enable the activity-dependent modulation of select synapses required for the remapping seen after focal cortical ischemia.
Previous work has shown that cortical neuronal activity and sensoryevoked response potentials are not altered in Arc −/− mice (30, 50) , suggesting that the experience-dependent plasticity attenuated in Arc −/− mice is not due to generalized neuronal dysfunction but is due to specific disruption of experience-dependent changes. Our data showing that Arc −/− mice have normal baseline somatosensory maps but lack the post-ischemic plasticity that drives remapping and behavioral recovery agree with this hypothesis.
Although we showed that Arc-dependent synaptic plasticity contributes to post-stroke remapping and recovery, our data do not allow us to conclude that Arc plays a role in post-stroke sensory deprivationenhanced remapping and recovery. Previous studies have shown that genes within the Arc pathway are responsible for sensory deprivationinduced plasticity in the cortical whisker barrels (24, 39) . Thus, Arc, along with other plasticity-related genes, may be central to remapping regardless of trigger. Moreover, stimuli that enhance remapping may synergistically interact, via Arc or through independent mechanisms, to improve recovery.
Previous examination of perilesional synapses at the level of dendritic spines reveals enhanced spine loss and spine generation (35) . This suggests that old connections are replaced with new ones, a process likely critical for receptivity switches in perilesional neurons. Here, we show that post-ischemic spine density recovers selectively in cortical regions where remapping occurs and that Arc is required for this increase in dendritic spine density. These results are consistent with previous work from sensory deprivation paradigms (without central nervous system injury) where robust anatomical plasticity was associated with changes in dendritic spines in deprived cortex (51, 52) . Similar to what is seen in perilesional cortex after ischemia, sensory deprivation results in increased spine turnover, implicating similar programs for structural and functional connectivity in deprived cortex (51) . Arc is known to regulate dendritic spine dynamics through its interaction with actin-regulating proteins in dendritic spines (53) (54) (55) . Thus, it is not surprising that post-ischemic spine density remains low in Arc-deficient mice. However, post-ischemic dendritic spine recovery reflects the new synapses that form through Arc-mediated mechanisms.
Current rehabilitative strategies for motor recovery have focused on increasing use of disabled limbs through "forced use" or constraintinduced movement therapy (46) (47) (48) . Although this therapeutic strategy takes advantage of use-dependent competition for perilesional cortical representation, it neglects competition from perilesional cortex representing unaffected somatic regions. Thus, rehabilitation might be more effective when coupling forced use with focal deprivation of sensorimotor activity represented in targeted perilesional cortex. Such an approach might involve focal sensory deprivation or motor restraint, whether through mechanical or pharmacological means. Our results suggest that this therapy may only need to be applied temporarily, which is consistent with improvements demonstrated with constraint-induced movement therapy (46) (47) (48) . However, it is unclear, based on our results, whether deprivation strategies to enhance cortical plasticity are generalizable across other neurological domains (motor or cognitive). Furthermore, whether sensory function in the deprived cortical region is compromised after post-stroke remapping remains uncertain. Current constraint-induced movement therapy approaches have not demonstrated any overt negative impact on functionality after deprivation ended (46) (47) (48) , but function of the constrained limb has not been carefully examined in clinical trials.
MATERIALS AND METHODS

Study design
The aim of this study was to determine whether post-stroke remapping could be manipulated (both spatially and temporally) to alter behavioral recovery and to determine whether remapping was dependent on activitydependent synaptic plasticity. Toward this end, we performed photothrombosis targeted at the forepaw somatosensory cortex in mice. Half of the mice were randomly selected to receive focal sensory deprivation (via contralesional whisker trimming), a maneuver known to enhance cortical plasticity in the perilesional cortex (19) . Remapping after injury was assessed using OIS imaging (11, 12) , and sensorimotor behavioral recovery was assessed using the cylinder rearing test (6, 7, 12) . Sample size and specific time points were selected on the basis of previous studies examining behavioral recovery after forepaw somatosensory cortex photothrombosis (6, 7, 12) . To determine whether activity-dependent synaptic plasticity was required for remapping and recovery, Arc +/+ and Arc −/− mice were subjected to photothrombosis and focal sensory deprivation, and assessed for remapping and behavioral recovery (as described above).
In a separate set of experiments, dendritic spines were quantified after Golgi-Cox staining, 4 weeks after photothrombosis in three regions of the cortex: (i) anterior to infarction, (ii) posterior to infarction (in whisker barrel cortex), and (iii) and distant to the infarction (ipsilesional). Sample size was selected on the basis of previous studies examining dendritic spine density dynamics after photothrombosis (34, 35) . Image processing and data analysis were performed by an examiner blinded to group and/or genotype. All experiments were performed in accordance with animal protocols approved by the Washington University Animal Studies Committee in compliance with Association for Assessment and Accreditation of Laboratory Animal Care guidelines.
Mice
Colonies of Arc +/+ (WT) and Arc −/− mice on a pure C57Bl6/J background (RRID:IMSR_JAX:007662) (50) were raised in standard cages with ad libitum access to food and water in a dedicated mouse facility with a 12-hour/12-hour light/dark cycle.
Imaging windows
Under isoflurane (3.0% induction, 1.5% maintenance), the scalp and periosteal membranes were retracted from the skull, and Plexiglas imaging windows were fixed to the skull with clear metabond dental cement, as described previously (56) , to provide a wide field of view of the dorsal cortex. The windows provided a stable imaging platform for serial imaging throughout the study period. Windows were examined for development of infectious abscesses, and any mice that developed window infections were immediately sacrificed in accordance with our animal protocol (WT-Control, n = 1; WT-Depriv, n = 2; Arc-Control, n = 0; Arc-Depriv, n = 1).
Whisker trimming
Mice were lightly anesthetized with isoflurane anesthesia, and all right mystacial whiskers were cut to <1 mm with surgical scissors. Mice that did not receive whisker trimming were subjected to the same anesthetic protocol.
Enriched environments and housing
For all recovery studies, mice were housed in 61 cm × 43 cm × 20 cm cages (Nalgene) with the following environmental enrichment components: Mouse Arch, Mouse Huts, Mouse Igloos, Mouse Tunnels, Fast Trac (bio-serv), and EnviroDri crinkle paper.
Photothrombosis
Under isoflurane anesthesia (see above), mice were placed in a stereotactic frame. A 532-nm green diode-pumped solid-state laser (Shanghai Laser & Optics Century) collimated to a 0.5-mm spot was centered on S1FP (0.5 mm anterior to bregma, 2.2 mm left of bregma) at low power (<0.25 mW). The laser was turned off, and mice were then given 200 l of Rose Bengal dissolved in saline (10 g/liter) via intraperitoneal injection. After 4 min, the laser was powered to 23 mW (centered on S1FP) and targeted to S1FP for 10 min. This approach led to thrombosis of all blood vessels in the target region.
Cylinder rearing
Cylinder rearing recording and analysis were done as previously described (7, 12, 31) . Briefly, mice were placed in a 1000-ml glass beaker and video-recorded for 5 min. Group identity was masked, and a custom MATLAB (MathWorks) interface was used to manually analyze videos to determine the amount of time that the (i) right paw, (ii) left paw, or (iii) both paws made contact with the glass walls; the percent of total forepaw contact time was calculated for each condition. Pawuse asymmetry was calculated as (% left paw contact time − % right paw contact time). Any mice that were not spontaneously active during any of the behavioral time points were excluded from analysis (WT-Control, n = 0; WT-Depriv, n = 5; Arc −/− Control, n = 1; Arc −/− Depriv, n = 0).
Imaging animal preparation
As reported previously (57), anesthesia was initiated via intraperitoneal injection with a bolus of ketamine-xylazine (5 l/g; drug concentration: 86.9 mg/kg ketamine, 13.4 mg/kg xylazine dissolved in saline), and animals were allowed 15 min for anesthetic induction. After induction, the animal was placed on a heating pad maintained at 37°C via feedback from a rectal probe (mTCII, Cell MicroControls), and its head was secured in a stereotactic frame. While under ketamine-xylazine anesthesia, forelimb and hindlimb stimulation electrodes were placed (see below); the cortex was positioned in focus of the camera, and the animals were then transitioned to isoflurane anesthesia (<0.5%) for stimulation studies.
Paw stimulation
Transcutaneous electrical stimulation was applied to the forepaw or hindpaw by placing microvascular clips (Roboz) on either side of the wrists or ankles. Electrical stimulation was provided in a block design (model 2100, A-M Systems) with the following parameters: 5-s rest, 1-s stimulation (0.5 mA, 5-ms duration, 100 Hz), and 24-s rest as previously described in other S1FP remapping studies (11, 12) .
Whisker stimulation
Whiskers were stimulated via mechanical displacement by placing all mystacial whiskers through an aluminum screen attached to a piezoelectric bending actuator (Piezo Systems). A 2° anterior direction deflection occurred for 5 ms, and the piezo was allowed to fall back to the neutral position. This was presented at 10 Hz with the following parameters: 5-s rest and 1-s stimulation.
Image acquisition
Sequential illumination was provided at four wavelengths by a ring of light-emitting diodes (LEDs) placed about 10 cm above the mouse's head. The field of view included most of the cerebral cortex (about 1 cm 2 ). Diffuse reflected light was detected by a cooled, frame-transfer electron-multiplying charge-coupled device camera (iXon 897, Andor Technology); the LED ring and the camera were time-synchronized and controlled via computer using custom-written software (MATLAB, MathWorks) at a full frame rate of 30 Hz.
Image processing
Data from all mice were subjected to an initial quality check before spectroscopic analysis. Data blocks in which reflected light level intensity (mean value over the brain) varied as a function of time by greater than 1% for any wavelength were excluded from further analysis. Further, data blocks that had movement contamination were excluded. For subsequent analysis, image light intensity at each wavelength was interpreted using the modified Beer-Lambert law, usually expressed as follows: (r,t) =  0 *exp(− a (r,t)*L). Here, (r,t) is the measured light intensity,  0 is the baseline light intensity,  a (r,t) is the change in absorption coefficient due to hemodynamic changes, and L is the optical path length factor for photons in the tissue (58) . Values were normalized relative to the average light intensity at each pixel, resulting in differential measures of absorption at each wavelength at each pixel:  a, (r,t) = −ln(  (r,t)/<  0 (r,t)>)/L  . Absorption coefficient data were converted to hemoglobin (Hb) concentration changes by inverting the system of equations,  a, (r,t) = E ,i [Hb i ](r,t) (where E is the extinction coefficient matrix and i runs over Hb species). This inversion was performed using least-squares methods, yielding changes in oxygenated Hb (oxy-Hb) at each pixel at each time point. Each pixel's time series was downsampled from 30 to 1 Hz, and all further analysis was performed only on those pixels labeled as brain using a manually constructed brain mask. The time traces of all pixels defined as brain were averaged to create a global brain signal. This global signal was regressed from every pixel's time trace to remove global sources of variance; global signal regression was applied independently on each stimulation block. Because the spectral content of the OIS signal is known to be roughly "1/f," we excluded runs in which 50% of the power of the regressed data was found above 0.04 Hz to exclude data strongly contaminated by oscillatory vascular artifact (59) . Thirty-four percent of all imaging blocks were rejected.
Creating somatosensory maps
Oxy-Hb was used for this study because it offers the greatest contrast to noise of all of our spectral components ( fig. S15 ). For each mouse, stimulation blocks were averaged together. From that average response, baseline images (1 s before stimulation) were subtracted from post-stimulation images (2 s after stimulation) to generate the response image. All pixels that were >50% of the maximum amplitude (for each mouse at each time point) were defined as activated as reported previously (11, 12) . To create individual binary activation maps, a minimum intensity threshold of 35% of the respective baseline amplitude (averaged over all groups) was required for pixels to be included [this was required to view activation density (percent incidence) maps at the group level]. Percent maps were calculated at the group level by determining the percentage of mice for which each pixel was activated. Mean intensity maps were generated by averaging the intensity maps together without applying a minimum intensity cutoff. Maps of P values were determined via Student's t test between all baseline and activated oxyHb images for all group members at each time point.
Image co-registration
Image sequences of each mouse (as well as the brain mask for each mouse) were affine-transformed to a common atlas space determined by the positions of the junction between the coronal suture and sagittal suture (posterior to the olfactory bulb and cerebrum along midline) and lambda as we have done previously (60) . Bregma was not visible in all mice and was calculated on the basis of the above two anatomical landmarks. The anterior-posterior stretch was set equal to the medial-lateral stretch, and all transformed images were centered at bregma. The intersection of every brain mask was calculated and made symmetric by reflection across the midline, allowing all subsequent comparisons to be performed on shared brain areas across all mice.
Dendritic spines
Brains were harvested from all groups 25 days after photothrombosis. The Hito Golgi-Cox OptimStain (Hitobiotec) was used to label spines per kit instructions. Brains were embedded in low-melting point gelatin, sliced coronally at 200 m with a vibratome, and mounted on gelatin-coated slides. Spines were examined in layers II/III and IV. Images were taken at 67× using MicroBrightField Stereology to systematically collect image stacks (25 images per site, 1-m separation) and generate minimum intensity projections (MIPs). Three MIPs were collected at each sampled location, resulting in an average of 570 spines being imaged per mouse at each location. All spines in the image areas were analyzed. Spine counting and dendrite length were performed on MIPs in ImageJ. For each mouse, a spine density was calculated at each sample location. At each location, spine density was compared across groups.
Histology
Seven days after S1FP infarction, mice were deeply anesthetized and transcardiac perfusion with phosphate-buffered saline followed by 4% paraformaldehyde (PFA) was performed. Brains were submerged in 4% PFA for 24 hours and then kept in cryoprotectant solution for 72 hours before slicing. Brains were sliced at a thickness of 50 m on a sliding microtome. To determine infarction volume, slices were stained with cresyl violet. Stained sections were imaged with a NanoZoomer, and infarction volume was quantified in ImageJ. To examine astrogliosis, GFAP immunostaining was performed using anti-GFAP antibodies (Sigma) and developed using the 3,3′-diaminobenzidine ABC developing kit (Vector Laboratories). Perilesional images of GFAP-labeled sections were taken with a 40× objective using MicroBrightField Stereology to systematically collect image stacks and generate MIPs. MIPs were intensity-thresholded, and % area of GFAP immunoreactivity was calculated for each mouse.
Statistical analysis
For evoked maps, P values were calculated for each pixel by comparing Oxy-Hb values at baseline and after stimulus using all images within each group at each time point. Clusters of 75 or more pixels with uncorrected P values of <1 × 10 −10 were considered statistically significant. For cylinder rearing testing, differences between groups were analyzed using one-way ANOVA with repeated measures and Newman-Keuls multiple pairwise comparisons as has been done previously (7). The level of significance was set at P < 0.05. For spine density analysis, differences between groups were analyzed using two-way ANOVA with Bonferroni correction for multiple comparisons, and the level of significance was set at P < 0.05. For infarction volume and astrogliosis studies, Student's t test was used and the level of significance was set at P < 0.05. Statistical map comparisons (Fig. 4, I to O, and fig. S13) were performed by summing the dot products for the % incidence maps for the two maps being compared (the sum of the element-wise produce of both % incidence maps being compared).
This produced a single value, termed "overlap," that was used as the test statistic. An overlap null distribution for each comparison was calculated by calculating the overlap for 10,000 random groupings of the mice involved in the comparison ( fig. S8 ). Statistical significance was set at P < 0.007 (P < 0.05 per seven comparisons).
SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/10/426/eaag1328/DC1 Fig. S1 . Arc gene deletion does not affect infarct volume. Fig. S2 . Arc gene deletion does not alter perilesional reactive astrocytosis. Fig. S3 . Full-range activation heat maps mirror thresholded activation maps. Fig. S4 . Mean oxy-Hb intensity maps are similar to activation heat maps. Fig. S5 . P value maps show accelerated remapping into the whisker barrel cortex in sensory-deprived mice. Fig. S6 . Baseline right S1FP activation intensity is similar in all groups. Fig. S7 . Baseline forepaw activation is similar in location for all groups of mice. Fig. S8 . Left S1FP and right hindpaw (S1HP) activations remain intact before and after injury. Fig. S9 . Left S1FP activation remains intact throughout injury and recovery. Fig. S10 . Right S1FP remaps after focal ischemia, but left S1FP remains stable throughout the time course. Fig. S11 . Whisker deprivation does not affect limb use symmetry. Fig. S12 . Dendritic spine density is lower in perilesional cortex compared to distant cortical regions. Fig. S13 . Right S1FP maps remain stable after whisker regrowth. Fig. S14 . Right S1WB area is smaller in WT-Depriv compared to WT-Control groups. Fig. S15 . Oxy-Hb contrast demonstrates the greatest signal-to-noise ratio of all spectral components.
